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ina. ArAbstract Sediment samples with high organic carbon were collected from the Dianchi Lake in
China and thermally treated using a method analogous to biochar production. The speciation of
the heavy metals Cu, Cd, Pb, and Zn in sediment and thermally treated sediments (TTSs) were ana-
lyzed by European Community Bureau of Reference (BCR) sequential extraction methods. Heavy
metal bioavailability and eco-toxicity were assessed by risk assessment code. This study demon-
strates that BCR sequential extraction methods and risk assessment code can be used as valuable
tools to assess heavy metal mobility, bioavailability and eco-toxicity. Compared to biochar derived
from biomass, TTSs had different characteristics, which may contribute to the formation of organo-
mineral complexes. The heavy metals Cu, Cd, Pb, and Zn speciated in TTSs show different patterns
from that of the sediment and pyrolysis temperature has a great inﬂuence on the fractional distri-
bution of heavy metals. Those different distributions may attribute to the geochemistry of the sed-
iment and the different physicochemical characteristics of heavy metals. In order for the safe
application of thermally –treatment sediments (TTSs) as a soil amendment, further studies such
as ﬁeld experiments may be required.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University.1. Introduction
Char is a type of environmental black carbon, a ubiquitous
geosorbent derived from incomplete burning of carbon-rich
biomass. It is found in soils and sediments (Cornelissen6 87165102829.
(P. Ning).
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abian Journal of Chemistry (20et al., 2005). Recently, the application of biochar as a soil
amendment to immobilize contaminants, fertilize soil, and
sequestrate carbon has attracted great interest. Different types
of biomass have been used to produce biochar, such as crop
residue (Chun et al., 2004), pine needles (Chen et al., 2008),
dairy manure (Cao and Harris, 2010), and broiler litter (Uchi-
miya et al., 2010).
Our previous study has indicated that the sediments from
the Dianchi Lake with high organic matter can be used as a
source for biochar production and as a soil amendment (Pan
et al., 2012). However, this lake in the middle of the Yun-
nan-Guizhou Plateau of China is heavily eutrophicated. Dian-
chi Lake has a major inﬂuence on Kunming City (the capital ofing Saud University.
y metal speciation during the pyrolysis of sediment collected
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2 Z. Gu et al.Yunnan Province) due to its use in ﬁsheries, ﬂood control,
water supply, water storage and tourism. Since the 1980s, ra-
pid urbanization and an inadequate urban water infrastructure
has led to heavy eutrophication and increased heavy metal
deposition. Dianchi Lake has a surface area of 300 square kilo-
meters. The domestic and industrial wastes, combined sewer
overﬂow, urban and agricultural nonpoint source runoff from
Kunming City all drain into the Dianchi Lake (Li et al., 2007;
Chen et al., 2010). Thus, the sediment from the Dianchi Lake
has high heavy metal concentration and high organic matter.
In order to improve the water quality, sediment from the Dian-
chi Lake was dredged, and the dredged sediment was stored in
an open area without further treatment.
The safe application of thermally-treated sediments (TTSs)
as a soil amendment needs further studies, speciﬁcally of metal
mobility, bioavailability and eco-toxicity. It is generally ac-
cepted that the total concentration of metals is not sufﬁcient
to predict the mobility, bioavailability and eco-toxicity, instead
the chemical species determine their mobilization capacity and
behavior in the environment (Tandy et al., 2009). Sequential
extraction simulates the release and retention of the chemical
species of metals in the natural environment by changing envi-
ronmental conditions such as pH, redox potential and broken
down organic matter (Rauret, 1998). Thus, it can provide an
accurate risk measure instead of total concentration.
Therefore, the aims of this study are: (1) To evaluate total
concentration and chemical speciation concentration of heavy
metals in sediment and TTSs; (2) To investigate the dominant
characteristics of sediment and TTSs, which inﬂuence heavy
metal distribution and how pyrolysis temperature inﬂuences
heavy metal distribution; and (3) To assess bioavailability
and the risk of heavy metals in sediment and TTSs with the
risk assessment code (RAC). This study can provide valuable
information to choose proper technology for the treatment
and reuse of sediment with high organic matter content and
heavy metal concentration.
2. Materials and methods
2.1. Materials
The sediment samples were collected from the Caihai section
of the Dianchi Lake. The sediment was freeze-dried, ground,
and passed through a 2 mm sieve. Four pretreated sediment
powder samples were put on aluminum foil and pyrolyzed in
a mufﬂe furnace for 4 h at 200 C, 300 C, 400 C, and
500 C, respectively. Nitrogen gas was used to purge air out
of the mufﬂe furnace. After 4 h of pyrolysis, the furnace was
cooled to room temperature, but nitrogen gas was still used
to prevent the oxidation of the pyrolyzed sediment. These sed-
iments were noted as B2, B3, B4, and B5 for the temperatures
of 200 C, 300 C, 400 C, and 500 C, respectively.
All reagents used were of analytical grade; deionized water
was supplied from a Millipore Milli-Q system. All glassware
and plastic containers were previously cleaned with 15% nitric
acid and rinsed thoroughly with deionized water.Please cite this article in press as: Gu, Z. et al., Variation of heav
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Elemental (C, H, N, S, O) compositions were analyzed by an
elemental analyzer (MicroCube Elementar, Germany). The
surface area was measured with N2 by a surface area analyzer
(Autosorb-1C, Quantachrome). The pH was measured in sed-
iment and TTSs extracts (solid/deionized water ratio 1:5 w/v)
by a pH meter (Leici PXSJ-216).
2.3. Sequential extraction procedure
Sequential extraction was performed by using the BCR three-
step procedure (Cuong and Obbard, 2006), which was pro-
posed by the European Community Bureau of Reference
(now the Standards, Measurements and Testing Program).
The residual fraction was designed as step four. Four replicates
were applied for sequential extraction, in which three replicates
were used to determine the heavy metal concentrations and the
fourth was used for elemental analysis.
Step one: Brieﬂy, 0.5 g of dry sample of the original sedi-
ment or TTSs was put into a 40 mL centrifuge tube. Twenty
mL of 0.11 mol/L acetic acid was added to the tube and shaken
at 90 rpm for 16 h at 25 C. The extract was separated from the
solid phase through centrifugation at 2000 rpm for 15 min.
The supernatant was decanted into a 40 mL centrifuge tube
then placed at 4 C. Twenty mL of de-ionized water was added
to the residue and shaken again for 15 min then centrifuged for
15 min at 2000 rpm. The second supernatant was decanted
without loss of the solid residue.
Step two: Twenty mL of 0.5 mol/L hydroxylamine hydro-
chloride adjusted to pH 2.0 was introduced into the solid res-
idue from the ﬁrst step in the centrifuge tube. The tube was
then shaken for 16 h at 90 rpm at 25 C. The extraction proce-
dure described previously was followed.
Step three: Five mL of 8.8 mol/L hydrogen peroxide (pH 2.0)
was slowly added, in small aliquots, into the solid residue from
step two in the centrifuge tube. The solid residue was digested
at room temperature for 1 h and occasionally shaken by hand.
The tube was placed in a water bath heated to 85 C for 1 h.
The reagent in the tube was evaporated to almost dryness then
cooled down. Another 5 mL of hydrogen peroxide reagent was
added to the tube and again was evaporated to near dryness.
After cooling, 25 mL of 1.0 mol/L ammonium acetate (pH 2.0)
was added to the tube and the tube was shaken for 16 h at
25 C. The extract was separated from the solid residue as previ-
ously described.
Step four: Five mL of aqua regia was introduced to the
remaining solid residue from step three; the aqua regia was
evaporated to near dryness at 95 C in a water bath. After
cooling, small aliquots of 25 mL of HNO3 were added to the
solid residue and the extract was separated from the solid res-
idue as previously described.
The metals recovered from the ﬁrst step (F1) are possibly
co-precipitated with carbonates or are exchangeable. The met-
als from the second step (F2) are associated with Fe/Mn oxides
and the third step (F3) is associated with organic matter and
sulﬁdes. The residual step (F4) precipitates primary and sec-y metal speciation during the pyrolysis of sediment collected
13), http://dx.doi.org/10.1016/j.arabjc.2013.07.053
Variation of heavy metal speciation during the pyrolysis of sediment collected from the Dianchi Lake, China 3ondary minerals, which have trace heavy metals within their
crystal structures (Gleyzes et al., 2002). The heavy metal con-
centrations for Cd, Cu, Pb, and Zn in extracts from each step
were determined by an atomic absorption spectrometer (Var-
ian AA240FS).
2.4. Risk assessment code (RAC)
The risk of heavy metals released from sediment and TTSs was
evaluated by the risk assessment code (RAC), which is deﬁned
as the fraction of metals that areexchangeable or bound to car-
bonates (F1) (Jain, 2004). The RAC classiﬁcations are used to
evaluate the risks of the four heavy metals.
2.5. Statistical analysis
The principal component analysis (PCA) was carried out using
SPSS v13.0 in order to identify similar behaviors of metals
(Devesa-Rey et al., 2010; Passos et al., 2010).
3. Results and discussion
3.1. The efﬁciency of the sequential extraction methods
In order to check the efﬁciency of sequential extraction meth-
ods, an internal check was used by comparing the sum of four
fractions (acid-soluble + reducible + oxidizable + residual)
with total metal concentrations from aqua regia digestion (Ta-
ble 1). The recovery was calculated using the equation: Recov-
ery = (F1 + F2 + F3 + F4)/(total concentrations from aqua
regia digestion) · 100%. The overall sum of four fractions was
in good agreement with total metals concentration and the
recovery range was 70.4–127.5%, which means the BCR meth-
ods are reliable.Table 1 Comparative results of aqua regia digestion (Mean ± SD,
sediment and TTSs.
Element F1 + F2 + F3 + F4 (mg/kg
Sediment Cd 27.4 ± 0.1
Cu 196.3 ± 2.4
Pb 166 ± 4.6
Zn 546.1 ± 13.8
B2 Cd 43.0 ± 0.9
Cu 254.8 ± 0.1
Pb 137.7 ± 4.1
Zn 614 ± 37.2
B3 Cd 30.8 ± 3.6
Cu 262.8 ± 11.0
Pb 132.3 ± 3.3
Zn 609.7 ± 69.7
B4 Cd 39.1 ± 5.4
Cu 269.4 ± 7.9
Pb 132.1 ± 6.3
Zn 603.9 ± 64.3
B5 Cd 33.0 ± 2.4
Cu 269.1 ± 7.8
Pb 132.4 ± 0.7
Zn 598.7 ± 41.7
Please cite this article in press as: Gu, Z. et al., Variation of heav
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Total heavy metal concentrations of sediment are presented in
Table 1. Total concentrations in sediment decreased in the or-
der of Zn > Cu > Pb > Cd. Zn was in the highest concentra-
tion at 546.1 mg/kg and Cd was in the lowest concentration at
27.4 mg/kg. Table 2 illustrates the background concentrations
of shale and soil in the Dianchi Lake area. The total concentra-
tions of Cd, Pb, and Zn were higher than the background con-
centrations, whereas, the total concentration of Cu was within
the background range. The higher levels of Zn may be the re-
sult of urban runoff, which has an elevated Zn concentration
from the corrosion of galvanized materials and car washes
(Sorme and Lagerkvistb, 2002). The total heavy metal contents
of TTSs also show that pyrolysis concentrated the heavy met-
als (Cantrell et al., 2012). During sediment pyrolysis, volatile
matter of total sediment mass was lost in gas phases but the
heavy metal mass of the sediment may not be vaporized at
pyrolysis temperature below 750 C (Kistler et al., 1987).
3.3. TTS characterization
3.3.1. Element analysis
Elemental analysis of sediment, TTSs, and fractionated TTSs
is shown in Table 3. TTSs derived from sediment had more
S% than that of biochars derived from broil litter (Uchimiya
et al., 2010). Sulfur may be discharged into the lake through
wastewater as organic-S (such as proteins) as well as inor-
ganic-S (such as sulfates). In an anaerobic sediment environ-
ment, the decomposition of amino acids and sulfate
reduction produced sulﬁde and heavy metals precipitated with
sulﬁde. Thus, the TTSs had much higher S% than that of bio-
char derived from broil litter. TTSs derived from sediment had
much less C% content than that of biochar derived from broiln= 2) and BCR sequential extractions (Mean ± SD, n= 3) on
) Aqua regia digestion (mg/kg) Recovery %
29.5 ± 0.9 92.9
201.6 ± 3.9 97.4
131 ± 4.0 126.7
595.8 ± 8.8 91.7
33.7 ± 0.1 127.5
234.7 ± 0.8 108.6
144.0 ± 1.3 95.6
634.0 ± 67.3 96.9
33.3 ± 0.9 92.7
248.8 ± 4.0 105.6
152.1 ± 3.3 87
723.3 ± 6.7 84.3
36.7 ± 0.1 106.6
264.1 ± 0.9 102
177.8 ± 6.1 74.3
796.2 ± 9.9 75.9
36.8 ± 0.8 89.7
253 ± 9.3 106.4
173.3 ± 4.4 76.4
850 ± 25.6 70.4
y metal speciation during the pyrolysis of sediment collected
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Table 2 Total concentrations of heavy metal (mg/kg) in background shale and soil of the Dianchi Lake.
Cd Cu Pb Zn
Background concentrations of shale a 0.3 45 20 95
Soil background concentrations range a 0.014–7.206 3.75–205.1 16.67–132.4 41.00–340.80
a From Shao, 2003.
Table 3 Elemental compositions of sediment, TTSs and TTSs collected after each sequential step.
Sample C, % a H, % a N, % a S, % a O,% a H/C, b O/C, b (O + N)/C b
Sediment 21.94 2.90 1.57 1.16 26.10 1.59 0.89 0.95
B2 23.14 2.40 1.77 1.33 22.50 1.24 0.73 0.79
B3 21.77 1.87 1.36 1.50 19.90 1.03 0.69 0.74
B4 19.51 1.31 1.08 1.66 17.70 0.81 0.68 0.73
B5 18.30 0.98 0.93 1.59 16.80 0.64 0.69 0.73
Step1 B2 25.35 3.27 1.89 1.36 22.81 1.55 0.67 0.74
Step1 B3 22.89 3.09 1.56 2.17 20.67 1.62 0.68 0.74
Step1 B4 25.26 1.85 1.53 1.52 19.08 0.88 0.57 0.62
Step1 B5 24.29 1.20 1.32 1.70 18.33 0.59 0.57 0.61
Step2 B2 29.78 3.26 3.61 0.64 23.12 1.31 0.58 0.69
Step2 B3 26.32 2.36 2.96 0.70 20.09 1.08 0.57 0.67
Step2 B4 26.55 2.06 2.44 1.01 19.18 0.93 0.54 0.62
Step2 B5 30.55 1.90 2.42 1.27 17.30 0.75 0.42 0.49
Step3 B2 6.35 1.58 0.43 0.16 22.63 2.99 2.67 2.73
Step3 B3 4.01 1.30 0.37 0.10 22.35 3.88 4.18 4.26
Step3 B4 3.43 1.13 0.27 0.09 20.14 3.97 4.40 4.47
Step3 B5 7.25 1.29 0.57 0.11 21.21 2.13 2.19 2.26
Step4 B2 5.21 1.22 0.21 0.08 10.85 2.81 1.56 1.60
Step4 B3 4.43 1.22 0.27 0.06 15.72 3.31 2.66 2.71
Step4 B4 3.55 0.95 0.19 0.04 17.60 3.21 3.72 3.77
Step4 B5 7.32 1.20 0.35 0.11 15.68 1.98 1.61 1.65
A Weight ratios of C, H, N, S, O.
B Molar ratios of H/C, O/C, (O + N)/C.
4 Z. Gu et al.litter and pine needles (Chen et al., 2008; Uchimiya et al.,
2010). TTSs also had less N% content than that of biochar de-
rived from broil litter, but more N% content than that of
biochars derived from pine needles.
When the pyrolysis temperature increased, the C%, H%,
N%, and O% content of TTSs derived from sediment de-
creased, which resulted via the volatilization of organic matter.
In contrast, the S% content of TTSs derived from sediment in-
creased when the pyrolysis temperature increased. This was be-
cause most S was in the chemical form of metal sulﬁde, which
does not volatilize when temperature increases. After step 3,
the percentage range of C sharply decreased from 26.3–
30.6% to 3.4–7.3%, and the sulfur content reduced from
0.6–1.3% to 0.09–0.2%. N content reduced from 2.4–3.6%
to 0.3–0.6%. This result conﬁrmed that fraction 3 was associ-
ated with organic matter and sulﬁdes. Metals bonded with or-
ganic matter and sulﬁdes can effectively be removed.
Interestingly, after step 3, the TTSs had signiﬁcant carbon con-
tent at 3.4–7.3%. Even after aqua regia digestion, the TTSs
still had a carbon content of 3.6–7.3%. This may also contrib-
ute to the form of organo-mineral complexation, which can
protect organic matter from being broken down by hydrogen
peroxide and digested by aqua regia. Aromaticity (H/C molar
ratio) and polarity (O/C, (O + N)/C molar ratio) of TTSs
(Chen et al., 2008) are shown in Table 3. The H/C molar ratioPlease cite this article in press as: Gu, Z. et al., Variation of heav
from the Dianchi Lake, China. Arabian Journal of Chemistry (20decreased when pyrolysis temperature increased, which indi-
cated that aromaticity increased. Carbonization of TTSs may
form more recalcitrant organic carbon (Chen et al., 2008;
Uchimiya et al., 2010). The O/C molar ratio decreased with
an increase in pyrolysis temperature, which shows that the sur-
faces of TTSs become less hydrophilic. The polarity index
((O + N)/C molar ratio) decreased with increased pyrolysis
temperature, meaning a reduction of the polar surface func-
tional groups.
3.3.2. Surface area and pH
The surface area of TTSs increased with an increase in temper-
ature (Fig. 1b). Speciﬁcally, the surface area of B2 was
7.98 m2/g and that of B5 was 37.8 m2/g. The surface areas of
TTSs are much smaller than that of plant residues such as
wood charcoal, sugarcane bagasse, and wheat residue (Shinogi
and Kanri, 2003; Chun et al., 2004). The composition of parent
biomass rather than biochar production methods determined
the surface area of biochar (Cao and Harris, 2010). Less sur-
face area of TTSs may be the result of the abundance of min-
eral fractions.
The pH of TTSs generally increased with increasing pyroly-
sis temperature (Fig. 1a). The pH value slightly decreased
when the sediment was pyrolyzed at 200 C, because the cellu-
lose and hemicelluloses in sediment decomposed at 200 C andy metal speciation during the pyrolysis of sediment collected
13), http://dx.doi.org/10.1016/j.arabjc.2013.07.053
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Figure 1 Change in pH (a), and speciﬁc surface area (b) in sediment and TTSs as a function of pyrolysis temperature.
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Figure 2 Fractionation of Cd, Cu, Pb, and Zn in sediment and
TTSs.
Variation of heavy metal speciation during the pyrolysis of sediment collected from the Dianchi Lake, China 5formed phenolic compounds and organic acids (Abe et al.,
1998). After pyrolysis temperature increased to 300 C, alkali
salts separated from the organic matrix and increased the
pH. The samples of B3–B5, which had higher pH, can be used
as amendments to neutralize soil acidity of red soil in the Yun-
nan Province.
3.4. The occurrence of heavy metals in Dianchi Lake sediment
As illustrated in Fig. 2, Cd speciations in the sediment were
dominant in the fraction associated with Fe/Mn oxides
(64.6%) and then in the fraction associated with carbonate
(35.4%). The fraction associated with F3 and F4 could not
be detected. Tessier et al. (1996) reported that at high lake
pH values, Cd2+ tended to more dominantly associate with
Fe oxyhydroxides rather than with organic matter. The pH
values of the water in the Dianchi Lake were 8.41–9.12 (Mo
et al., 2007), thus Cd associated strongly with F2. The strong
association of Cd to carbonate may be contributed to the sim-
ilarity of the ionic radii of Cd (0.097 nm) and Ca (0.099 nm).
When calcium ions precipitate with carbonates, the cadmium
ions diffuse into the calcite crystal lattice as a camouﬂaged ele-
ment and co-precipitates with carbonates (Korfali and Jurdi,
2011). The residual fraction of Cd is not detected, which means
that Cd is not bound to silicates. Cd may come from anthro-
pogenic sources such as atmospheric deposition or industrial
efﬂuents.
Fig. 2 shows that Cu speciation in sediment followed the or-
der F2 > F3 > F4 > F1. The predominant fraction was asso-
ciated with Fe/Mn oxides (88%), then with organic matter and
sulﬁdes (5.8%), residual fractions (4.4%), and carbonates
(1.8%), respectively. As mentioned before, at high lake pH val-
ues, Cu2+ tended to dominantly associate with Fe oxyhydrox-
ides rather than with organic matter. Much higher
concentrations are found in bioavailable fractions
(F2 + F1 + F3) than that of F4, which suggests Cu may also
come from anthropogenic sources.
In sediment, the chemical form of Pb followed the order
F2 > F4 > F3 > F1. The predominant fraction was associ-
ated with Fe/Mn oxides (82.3%), then residual fractions
(8.4%), organic matter and sulﬁdes (5.9%), and carbonates
(3.4%). Again, at high lake pH values, Pb2+ also tended to
associate with Fe oxyhydroxides rather than with organic
matter.
The content of Zn in sediment followed the order F2 > F1.
Zn speciation was dominant in the fraction associated with Fe/
Mn oxides (51.7%) and followed by the fraction associated
with carbonate (48.3%). The stronger association of Zn ionsPlease cite this article in press as: Gu, Z. et al., Variation of heav
from the Dianchi Lake, China. Arabian Journal of Chemistry (20to Fe/Mn oxides may also be due to high lake pH values.
The residual fraction (F4) of Zn is not detectable, which con-
ﬁrms that Zn may come from anthropogenic sources.
Comparing the results obtained from Chaohu Lake, China
(Xu et al., 2008), except for F3 and F4 of both Cd and Zn, all
other fractions concentrations of Cd, Cu, Pb, and Zn in the
Dianchi Lake are much higher than that of the Chaohu Lake.y metal speciation during the pyrolysis of sediment collected
13), http://dx.doi.org/10.1016/j.arabjc.2013.07.053
6 Z. Gu et al.This means that the heavy metals Cd, Cu, Pb, and Zn heavily
pollute the Dianchi Lake.
3.5. Heavy metals speciation in TTSs
The fractions of heavy metals in TTSs are given in Table 4.
The percentages of heavy metals with respect to the sums of
the four fractions in sediment and TTSs are shown in Fig. 2.
3.5.1. Speciation of cadmium
The speciations of cadmium in TTSs are shown in Table 4 and
Fig. 2. The F1 ratios of Cd in B2–B5 were 70.2%, 22.1%,
10.8%, and 40.8%, respectively. As mentioned previously, cel-
lulose and hemicelluloses in sediment were broken down at
200 C and formed organic acids. The organic acids may react
with cadmium carbonate leading to more efﬁcient release of
the F1 fraction of Cd.
The F2 ratio associated with Fe/Mn oxides distribution of
Cd decreased sharply from 64.6% to 25.4% as the temperature
increased to 200 C. It may also contribute to accelerate amor-
phous iron/manganese hydroxides into more crystalline forms
(Gleyzes et al., 2002). But as the pyrolysis temperature further
increased from 300 C to 500 C, the F2 ratios remained al-
most unchanged at 41.6%, 37.8%, and 40.8% in B3–B5,
respectively.
The F3 ratio of Cd in sediment could not be detected, but
when the pyrolysis temperature increased to 200 C, the ratio
increased to 4.0%. As the temperature increased further, the
F3 ratio increased from 4.0% to 49.2% and then decreased
from 49.2% to 13.4%. On heating at 200–400 C the organic
matter in the sediment decomposed, which produced more or-
ganic matter that easily bonded with Cd. When pyrolysis tem-Table 4 Heavy metals speciation concentration of sediment and TT
Element Sample F1 concentration Mean ± SD (n= 3) (mg/kg) F2
M
(n
Cd Sediment 9.7 ± 1.1 1
B2 30.2 ± 0.9 1
B3 6.8 ± 0.7 1
B4 4.2 ± 0.7 1
B5 13.5 ± 1.6 1
Cu Sediment 3.5 ± 0.6 17
B2 10.2 ± 0.1 4
B3 10.1 ± 1.4 1
B4 9.0 ± 1.5 1
B5 9.0 ± 1.4 1
Pb Sediment 5.7 ± 0.6 13
B2 6.4 ± 1.7 4
B3 5.4 ± 0.2 5
B4 6.9 ± 1.6 2
B5 8.0 ± 0.9 1
Zn Sediment 263.5 ± 23.1 28
B2 397.3 ± 16.4 13
B3 265.7 ± 33.7 12
B4 123.5 ± 34.0 14
B5 219.9 ± 16.5 13
a Below the detection limits.
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became more aromatic and could not bond with Cd.
The F4 ratio of Cd in sediment could not be detected. When
the temperature increased, the F4 ratio increased from none
detectable to 0.4%, 1.1%, 2.2%, and 5.0%, respectively, in
B2–B5.
3.5.2. Speciation of copper
The speciations of copper in TTSs are shown in Table 4 and
Fig. 2. The pyrolysis temperature did not inﬂuence the F1 dis-
tribution of Cu. The F1 ratios of Cu in B2–B5 were 4.0%,
3.8%, 3.4%, and 3.3%, respectively.
The F2 ratio of Cu decreased sharply from 88.0% to 19.2%
when the pyrolysis temperature increased to 200 C. Elevated
pyrolysis temperature accelerated the change of amorphous
iron/manganese hydroxides into more crystalline forms and
trace metals are able to bind less to crystalline forms of iron/
manganese hydroxides than amorphous forms. The pyrolysis
temperature increased from 300 C to 500 C. F2 ratios of
Cu remained unchanged at 5.4%, 4.0%, and 4.0%,
respectively.
The F3 ratio of Cu increased sharply from 5.8% in sedi-
ment to 71.4% in B2, however, when temperature increased
from 300 C to 500 C degree, F3 remained unchanged at
87.4%, 87.1%, 87.2%, respectively. When pyrolysis tempera-
tures increased to 200 C, organic matter in sediment decom-
posed and Cu could form the highly stabile Cu-organic
complex (Stumn and Morgan, 1981). But when the pyrolysis
temperature increased from 300 C to 500 C, TTS aromaticity
increased and Cu could not form the Cu-organic complex.
The F4 ratio of Cu did not change much when the pyrolysis
temperature increased and was 5.4%, 3.4%, 5.5%, and 5.5%S using BCR methods.
concentration
ean ± SD
= 3) (mg/kg)
F3 concentration
Mean ± SD (n= 3) (mg/kg)
F4 concentration
Mean ± SD (n= 3)
(mg/kg)
7.7 ± 1.2 –a –
0.9 ± 0.9 1.71 ± 0.1 0.2 ± 0.2
2.8 ± 6.4 10.9 ± 3.3 0.3 ± 0.1
4.8 ± 3.2 19.2 ± 4.2 0.9 ± 0.1
3.5 ± 0.1 4.4 ± 0.9 1.6 ± 0.1
2.8 ± 2.6 11.4 ± 1.4 8.6 ± 0.4
8.9 ± 4.8 182.0 ± 1.8 13.8 ± 0.3
4.2 ± 2.1 229.7 ± 13.7 8.8 ± 0.1
0.9 ± 3.0 234.8 ± 5.5 14.8 ± 0.5
0.8 ± 3.0 234.6 ± 5.5 14.7 ± 0.5
6.5 ± 2.3 9.8 ± 1.1 14.0 ± 1.2
8.0 ± 2.9 75.6 ± 2.3 7.7 ± 1.2
0.0 ± 8.5 66.4 ± 7.9 10.5 ± 0.9
1.8 ± 5.9 66.9 ± 5.8 36.5 ± 6.7
4.5 ± 1.8 57.9 ± 1.4 52.0 ± 1.6
2.6 ± 25.1 – –
5.0 ± 37.5 35.4 ± 17.0 46.3 ± 14.0
3.5 ± 4.1 184.0 ± 40.7 36.5 ± 3.2
9.9 ± 51.0 263.0 ± 14.8 67.5 ± 19.6
6.3 ± 9.6 156.9 ± 17.4 85.5 ± 27.6
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Sediment B2 B3 B4 B5
Cd
Cu
Pb
Zn
10%
30%
50% Very High Risk 
High Risk
Medium Risk
Risk Assessment Code (RAC)
Figure 3 Risk assessment code (RAC) was applied to Cd, Cu,
Pb, and Zn in sediment and TTSs.
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tions may come from the parent rock.
3.5.3. Speciation of lead
The speciations of Pb in TTSs are shown in Table 4 and Fig. 2.
The F1 distribution of Pb did not change much when pyrolysis
temperature increased from 200 C to 500 C degree, The F1
ratios of Pb in B2–B5 were 4.6%, 4.1%, 5.2%, 6.0%,
respectively.
The F2 distribution of Pb decreased sharply from 82.3% in
sediment to 34.9% in B2. Elevated pyrolysis temperature also
accelerated amorphous iron/manganese hydroxides into more
crystalline forms. Pb bonded to amorphous iron/manganese
hydroxides is easily dissolved in hydroxylamine hydrochloride
solution. But not when Pb is bonded to crystalline iron/manga-
nese hydroxides. When pyrolysis temperature increased from
300 C to 500 C, the F2 ratio decreased from 37.8% to 11.0%.
The F3 ratio of Pb increased largely from 5.9% in sediment
to 54.9% in B2, and remained unchanged at 50.2% in B3,
50.6% in B4, and 43.7% in B5. The sharp increase of F3
may also contribute to the decomposition of organic matter
at high temperatures. Pb can form a Pb-organic complex.
The F4 ratio of Pb was 5.6% in B2, 7.9% in B3, 27.7% in
B4, and 39.3% in B5. When the temperature increased from
300 C to 400 C, the ratio increased from 7.9% to 27.7%, be-
cause more crystals formed. Pb bonded to crystalline forms of
iron/manganese hydroxides can be dissolved in aqua regia but
cannot be dissolved in hydroxylamine hydrochloride solution.
3.5.4. Speciation of zinc
The speciations of zinc are shown in Table 4 and Fig. 2. The
F1 ratios of Zn in B2–B5 are 64.7%, 43.5%, 20.4%, and
36.7%, respectively. As mentioned previously, cellulose and
hemicelluloses in sediment decomposed at 200 C and formed
phenolic compounds and organic acids. Therefore, organic
acids may react with zinc carbonate leading to more efﬁcient
extraction of F1 of Zn.
The F2 distribution of Zn decreased sharply from 51.7% to
22.0% when the pyrolysis temperature increased to 200 C and
may also contribute to the acceleration of amorphous iron/
manganese hydroxides into crystalline forms. But when the
pyrolysis temperature increased from 200 C to 500 C, the
F2 ratios did not change at 22.0%, 20.3%, 24.8%, and
22.8% in B2–B5, respectively.
The F3 ratio of Zn in sediment could not be detected, but
for B2, the F3 ratio increased to 5.8% from non-detectable lev-
els. As the temperature increased, the F3 ratio increased from
5.8% to 43.6%. After 500 C, the F3 ratio decreased from
43.6% to 22.8%. On heating at 200–400 C, cellulose, hemicel-
lulose and other organic matter in sediment decomposed,
which produced more organic matter that could easily bond
with Zn. When the pyrolysis temperature increased to
500 C, organic matter in sediment became highly refractory,
which could not bind Zn.
The F4 ratio of Zn in sediment could not be detected, but as
the temperature increased, the F4 ratio increased from none
detected in sediment to 14.3% in B5. Elevated pyrolysis tem-
peratures can increase the conversion of amorphous Fe/Mn
hydroxides to crystalline forms. Zn bonded to crystalline forms
of iron/manganese hydroxides is easily dissolved in aqua regia
but not in hydroxylamine hydrochloride solution.Please cite this article in press as: Gu, Z. et al., Variation of heav
from the Dianchi Lake, China. Arabian Journal of Chemistry (203.6. Risk assessment code
The metals separating in F1 are thought to be the most labile
fraction and pose a greater risk to the environment (Jain,
2004). When the percentage of F1 is less than 1%, the sediment
poses no risk to the environment. Percentages of 1–10% pose
low risk while 11–30% is considered medium risk, and 31–50%
is high risk to the environment. Any percentage over 50%
means the sediment poses very high risk and is considered dan-
gerous since heavy metals can easily move into the food chain
(Jain, 2004). Fig. 3 shows the RAC applied to the sediment and
TTSs. The high content of Zn and Cd in the F1 of all ﬁve sam-
ples represents that Zn and Cd can be easily removed if envi-
ronmental conditions such as pH change. The lower content
of Cu and Pb in the F1 (<10%) shows these metals pose
low risk. Fig. 3 also shows that B4 has the lowest risk for all
four heavy metals, due to the lowest percentage of the F1 frac-
tion. Thus, pyrolysis temperature of 400 C will be the best
choice temperature to treat the sediment of the Dianchi Lake.
3.7. Principal component analysis
In order to better understand the geochemical behavior of cad-
mium, copper, lead, and zinc in different fractions in TTSs,
PCA was applied to analyze the data of Table 4. For F1
(Fig. 4a), two components were extracted from PCA, which
accounts for about 72.7% and 24.6% of total variance. Four
main groups are easily visualized. For F2 (Fig. 4b), two com-
ponents were extracted from PCA, which accounts for about
48.3%, 36.1%, respectively, of total variance. Two compo-
nents were used to plot Fig. 4b and four groups are easily visu-
alized. The ﬁrst group included Cd and Zn, the second group
included Cu, and the third group included Pb. For F3
(Fig. 4c), two components were extracted from PCA, which ac-
counted for about 73.6% and 24.4% of the total variance. Two
components were used to plot Fig. 4c and four groups are eas-
ily visualized.
Finally, for the bioavailable fractions (F1 + F2 + F3) and
the non-bioavailable fraction (F4), two components were ex-
tracted from PCA, which accounted for about 64.9% and
31.6% of the total variance. Two components were used to
plot Fig. 4d and six groups are seen. Because Cd and Zn be-
long to 2B groups in the periodic table of elements (Moore
et al., 2011), they are always grouped together in PCA analysis.y metal speciation during the pyrolysis of sediment collected
13), http://dx.doi.org/10.1016/j.arabjc.2013.07.053
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Figure 4 Principal component analysis applied to TTSs fractions. Groupings identiﬁed by analysis are circled. PCA-F1 (a), PCA-F2 (b),
PCA-F3 (c), PCA-Bioavailable fraction and F4 (d).
8 Z. Gu et al.4. Conclusions
The application of thermally treated sediments as a soil
amendment needs to fully look into the affects on the environ-
ment. This study demonstrates that BCR sequential extraction
methods and risk assessment code can be used as a valuable
tool to assess heavy metal mobility, bioavailability and eco-
toxicity. Compared to biochar derived from biomass, TTSs
have different characteristics, which may contribute to the for-
mation of organo-mineral complexes. The speciation of the
heavy metals Cu, Cd, Pb, and Zn in sediment shows different
patterns with TTSs. Pyrolysis temperature also had great inﬂu-
ence on the fractional distribution of heavy metals in TTSs.
The different distributions may attribute to the geochemistry
of sediment and different physicochemical characteristics of
heavy metals. The safe application of thermally –treated sedi-
ments (TTSs) as a soil amendment may need further research
such as ﬁeld experiments.Acknowledgments
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